Abstract: Crystalline semiconductor nanomembranes (NMs) offer unprecedented opportunities for unique electronic and photonic devices for vertically stacked high-density photonic/ electronic integration, high-performance flexible electronics, and adaptive flexible/conformal photonics. We present here major progresses reported over the last year, in the area of semiconductor NM photonics, with focuses on the innovative membrane laser devices and structures for silicon photonics and flexible optoelectronics.
Introduction
Inorganic crystalline semiconductor nanomembranes (NMs, freestanding sheets with nanometer to submicrometer scale thicknesses) have, in the the last several years, demonstrated great potential to become a disruptive technology, which is primarily driven by the successes shown with group IV crystalline NMs transferred and stacked onto foreign substrates, including both rigid (e.g., silicon and glass) and flexible (e.g., plastics and polymers) substrates [1] - [12] . The drivers for this potential are the inherently novel electronic and mechanical properties of these sheets; their flexibility, conformability, biocompatibility, and transferability to other hosts; the ability to introduce strain (and, thus, novel properties associated with strain) in ways not possible with bulk materials; and the ability to integrate membranes of different materials because of the much better bondability of membranes than bulk material.
Based on this disruptive NM platform, a new class of photonic structures and devices has been demonstrated. Here, we review major progresses made in 2012, in the area of NM photonics, with focuses on NM lasers and other photonic devices for applications in silicon photonics and flexible optoelectronics.
Membrane Lasers for On-Chip Silicon Photonics
The creation of practical light sources on elementary silicon (Si) substrates has proven to be a major roadblock toward large-volume low-cost integrated photonics and electronics on Si substrates. [13] Among numerous approaches reported so far, one of the most paths toward lasing on Si based on the heterogeneous integration of Si with compound semiconductor materials, where emission comes from efficient direct band gap (e.g., group III-V) materials. These Si-based lasers have been reported with promising performances, either based on direct growth of III-V materials on Si [14] - [16] or direct wafer bonding to Si [17] - [21] . Owing to the stackability of NMs based on PDMS transfer printing processes, which is originally developed by Meitl et al. [22] , heterogeneous integration of dissimilar materials becomes very promising with very encouraging results reported over the last year, including the demonstrations of membrane lasers on Si [12] , [23] . Reported in the same issue of Nature Photonics [24] , two independent research groups reported III-V/Si hybrid integrated edge-emitting and surface-emitting membrane lasers on Si. In both cases, the high-quality III-V quantum-well (QW) active region was released from the original III-V growth substrate and subsequently transferred onto the foreign Si substrates via PDMS stamp printing transfer technique, Justice et al. [23] reported an electrically driven AlGaAs/AlInGaAs double QW Fabry-Perot edge-emitting laser on Si. The QW active region was first grown on its native GaAs substrate with an additional AlGaAs sacrificial layer. After selective etching of the AlGaAs sacrificial layer, the epitaxial active lasing cavity structure (NM) was released from the GaAs substrate, and transfer printed onto a Si substrate, via the PDMS transfer printing technique. The complete laser cavity fabrication, including cavity facet etching and metal electrodes formation, was carried out after the transfer of the epitaxial AlGaAs/AlInGaAs QW NM onto the Si substrate. The authors reported very impressive lasing performance with lasing wavelengths of 824 nm and operation temperature up to 100
C. An optically pumped membrane reflector vertical-cavity surface-emitting laser (MR-VCSEL) on silicon was reported from our groups, [12] based on the multilayer semiconductor NM stacking via a stamp transfer printing process. As schematically shown in Fig. 1(a) , MR-VCSEL on Si consists of a transferred III-V InGaAsP QW heterostructure that is sandwiched in-between two thin single-layer silicon photonic-crystal Fano resonance MRs (Si-MRs) [25] - [27] . These Si-MRs essentially replace the two multilayer quarter wavelength DBR (distributed Bragg reflector) mirrors that are commonly used in conventional VCSELs [28] - [30] . The use of MRs results in the lasers to be directly built on Si substrates with much reduced laser size (height), leading to a complete near infrared (NIR) MR-VCSEL cavity thickness to be less than 2 m [for a total of five layers t 1 to t 5 , as defined in Fig. 1(a) ]. The unique laser features not only enable high-performance lasers on Si, but also enable a planar cavity structure allowing much simpler integration schemes with CMOS electronics. Such an ultrathin cavity also has a much tighter field distribution than DBR-based VCSELs, with significantly reduced energy penetration depth and reduced cavity lengths [27] . By further reducing the lateral cavity size down to a few micrometers with proper lateral confinement, such MR-VCSEL can have greatly reduced power consumption, improved power efficiency and higher modulation speed.
Different from the conventional DBR-based VCSEL bonded/transferred onto Si substrates after complete laser fabrication, the multilayer membrane transfer printing process offers a very simple and agile approach to large-scale photonic integration. The fabrication procedure is scalable to full wafer size. In addition, different from the wafer-fusing/bonding approaches, the transfer-printed multilayer membranes can have different types of interface control and engineering measures, allowing better thermal mismatch tolerance between dissimilar materials, and, thus, better thermal performance and better device reliabilities. With this demonstrated approach to lasers on Si, different material systems can now be integrated together, with unlocked constraints in lattice mismatches and thermal mismatches, opening doors toward a wide range of applications in optoelectronic and photonic devices and integrated systems thereof. The ultracompact high-finesse Fabry-Perot cavity, based on two parallel single-layer Si-MRs, offers a simple solution to VCSELs on Si and on any other substrates. The planar laser structure and the compact cavity sizes are highly desirable for highdensity photonic and electronic integration on Si. Such a cavity configuration can also offer a very cost-effective solution to long-wavelength VCSEL laser technologies, from near infrared to far infrared and beyond. The approach also renders wavelength scalability and tenability. Thus, multiwavelength MR-VCSEL arrays can also be realized on Si substrates, based on the control of the MR lattice parameters and the membrane material transfer printing ability. Notably, the MR-VCSEL devices can be further integrated with different functional photonics NM layers for modulation, beam focusing and routing, and photonic/electronic integration. Lastly, the MR-VCSEL devices can be built and transferred onto any other rigid glass or flexible plastic substrates, making them even more attractive for applications in consumer electronics and bio-photonics [12] .
Flexible NM Optoelectronics
Another technology area poised for significant growth is flexible large-area electronics and photonics. Such devices have applications ranging from flexible imaging, displays, energy-efficient lighting, solar cells, sensors, and conformal electronic/photonic integrated systems to potential integration into artificial muscles or biological tissue. Traditionally, flexible electronics and photonics are based on organic or low-temperature-deposited amorphous semiconductor (a-Si) materials, processed with a large-area printing technique or other simple deposition techniques. The ability to synthesize and extremely manipulate thin films of solid-state materials (e.g., crystalline NMs) enables an entirely new approach to high-performance (speed) flexible electronics and flexible photonics [34] - [36] . The uses of the NMs include adaptive communication/surveillance systems, compact antennas conformally attached to morphing aircrafts and missiles, flexible sensors for structural health monitoring, flexible communications, and wearable electronics and smart soldier uniforms with dynamic threat responses [37] , [38] .
Based on transfer-printed NMs on flexible substrates, various high-performance photonic and electronic devices have been demonstrated, including flexible photodetectors, LEDs, and solar cells, flexible Si Fano resonance filters, and mostly significantly, fast flexible electronics, with record speed of RF performances, owing to high electron mobility in single crystalline semiconductors. [7] , [9] , [10] , [31] , [37] , [39] - [47] . To improve the yield of the printing transfer process, Xu et al. [48] reported an innovative stamp printing technique with an adhesion controllable suspended configuration. Highperformance SiNM photonic waveguides on flexible substrates were demonstrated, with propagation loss of $1.1 dB/cm, comparable with waveguides on SOI. To address the alignment challenge over the large-area flexible substrate, a local alignment scheme in combination with more accurate SiNM transfer measures for minimizing alignment errors was reported. [31] By realizing 1-m channel alignment for the SiNMs on a soft plastic substrate, thin-film transistors with a record speed of 12-GHz maximum oscillation frequency were demonstrated [ Fig. 1(b) ]. Recently, based on strained Si/SiGe/Si NMs transferred onto a flexible substrate, another record was set for fast flexible transistors with a maximum oscillation frequency of 15 GHz was demonstrated [49] . These results indicate the great potential of properly processed SiNMs for high-performance flexible electronics, opening doors for a wide range of applications for high-speed flexible/conformal RF systems [9] .
Strain-Engineered NMs
The controlled introduction of strain in suspended NMs offers important degrees of freedom for engineered material properties [1] , [6] , [49] , [50] . One of the direct consequences of strained NMs is the formation of complex 3-D shaped structures, such as ribbons and rolled-up tubes [3] . Many impressive works have been reported earlier, including rolled-up tube arrays [5] , optofluidic tube arrays for bio-molecular sensing [51] , rolled-up NM tube inductors [33] , and rolled-up tube cavitybased nanolasers [ Fig. 1(c) and (d)] [32] , [52] .
It is also well known that strain in a crystalline solid modifies the lattice constants and reduces the crystal symmetry, leading to a significant shift in the energy band edges and often accompanied by a splitting of degenerate states. The ability to alter the strain, in magnitude, direction, spatial extent, periodicity, symmetry, and/or nature, allows tuning of the intrinsic properties to such a degree that many are significantly modified, including band structure, charge carrier mobility, atomic transport, atomic defect structure, the self-assembly of quantum dots (QDs), piezoresistivity, and more complex phenomena such as electrooptical effects [6] , [50] , [53] , [54] .
Based on the strained Ge grown on Si and n-type doping in the active region, Ge lasers on Si have been recently reported [55] . A few other groups also reported the light emission properties from Ge NMs with controlled strain [56] . Direct-band-gap light emission was observed in biaxial tensile strained Ge NMs, where the emission spectra show a red shift with the increase in strain in suspended Ge NMs [57] . Nam et al. [58] presented a novel method to introduce a sustainable biaxial tensile strain larger than 1% in a thin Ge NM using a stressor layer integrated on a Si substrate. Raman spectroscopy confirmed that 1.13% strain and photoluminescence show a direct band-gap reduction of 100 meV with enhanced light emission efficiency. Simulation results predict that a combination of 1.1% strain and heavy nþ doping reduces the required injected carrier density for population inversion by over a factor of 60. With active strain control via piezoelectric actuators, Trotta et al. [4] reported a novel strain-tunable LED structure, where NM QD LED structure was integrated onto piezoelectric actuators for nonclassical light emission with adjustable properties, with potential applications toward absolute control over fine structure splitting between the bright excitonic states and quantum computing.
NM Integrated Systems
Over the last year, we also see significant activities in NM-based integrated systems for computing, communication, and bio-integrated system applications. In addition to various lights sources being explored based on NM materials, other photonic devices are being explored for integrated electronic/photonic systems. A subwavelength grating (SWG) coupler for coupling light efficiently into in-plane semiconductor NM photonic devices was reported by Subbaraman et al. [59] , based on Si-NM transferred onto a glass substrate. The SWG grating coupler on glass reaches a coupling efficiency of 39.17% at 1555.56 nm, with a 1-dB bandwidth of 29 nm. Double-layer stacked 1 Â 12 multimode interference couplers were also demonstrated based on SiNMs for potential applications in vertically integrated 3-D photonics [60] .
Many reports appeared over the last year, in the area of NM-based bio-integrated flexible devices and systems, where high-performance semiconductor device functionality can be achieved in forms that enable intimate conformal contacts to flexible/conformal surfaces. Kim et al. [61] , [62] presented a flexible/stretchable system of InGaN microscale transfer-printed inorganic LEDs with wireless powering schemes for implantable devices that could be used to accelerate wound healing, activate photosensitive drugs, or to perform imaging and spectroscopic characterization of internal tissues [63] . Along the direction of bio-integrated electronics, a physically transient form of silicon electronics was proposed by Hwang et al. [2] , where NM devices are built on bio-resorbable substrates (e.g., silk), and the complete material system physically disappears at prescribed times and at controlled rates. An implantable transient device that acts as a programmable nonantibiotic bacteriocide was demonstrated and sealed in silk packages. Based on tubular rolled-up strained SiO 2 NM optofluidic ring resonators (RU-OFRRs), Harazim et al. [51] reported a lab-in-a-tube labelfree optofluidic sensing system on a glass substrate. The quality factors for the fabricated RU-OFRR approaches 2900. The sensitivity of the integrated RU-OFRR, which is the response of the modes to the change in refractive index of the liquid, is up to 880 nm/refractive index units.
Summary
Significant progresses have been made in the exciting and emerging field of NMs. Here, we only offer a highlight of a small portion of the work being reported over the last year. We envision that much more progresses and breakthroughs will continue to be reported in the years to come. The emerging field of NM photonics and electronics holds great promises toward materials with new physical properties, devices with unique structures and performances, and innovative integrated systems with great scientific impact and technological potentials.
